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Earth is a thermal engine that dissipates its internal heat primarily through convec-
tion. The buoyant rise of hot material transports heat to the surface from the deep 
interior while colder material sinks at subduction zones. Mid-ocean ridges and hot-
spots are major expressions of heat dissipation at Earth’s surface, as evidenced by their 
abundant volcanic activity. Ridges and hotspots, however, could differ significantly 
in their origins. Ridges are linear features that wind more than 60,000 km around the 
globe, constituting the major diverging boundaries of Earth’s tectonic plates. Hot-
spots, on the other hand, are localized regions of abnormally robust magmatism and 
distinctive geochemical anomalies (Figure 1).
The causes of hotspots and their depths of origin are the focus of an intense 
debate in the scientific community. The “plume” model hypothesizes rising of buoy-
ant mantle plumes as the primary cause of prominent hotspots such as Iceland and 
Hawaii (Morgan, 1971). In contrast, the “anti-plume” school argues that many of the 
observed “hotspot” volcanic and geochemical anomalies are simply due to melts leak-
ing through tensional cracks in Earth’s lithospheric plates—in other words, hotspots 
reflect only where the lithospheric plate is cracked, allowing melts to pass through, 
and not where the underlying mantle is hotter (see www.mantleplumes.org). A hybrid 
notion is that only a relatively small number of hotspots, especially those of enormous 
magmatic volumes, have their origin in buoyant thermal plumes rising from the deep 
mantle (e.g., Courtillot et al., 2003). Regardless of its specific depth of origin, however, 
when a hotspot is located close enough to a mid-ocean ridge, the two volcanic systems 
will interact, resulting in unique volcanic, geochemical, and hydrothermal features. In 
this paper, we discuss major features of hotspot-ridge interactions.
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Figure 1. (top) map of the world’s major hotspots (orange circles) showing that many of them are integrally connected to the global 
mid-ocean ridge systems (red lines) (lin, 1998). (Bottom) map of residual bathymetry of the ocean basins and 87Sr/86Sr geochemical 
anomalies from samples collected along the mid-ocean ridges and ocean islands (ito et al., 2003). a positive residual bathymetry marks 
anomalously shallow seafloor relative to the theoretical prediction of Stein and Stein (1992). circles mark rock sample locations and 
are colored according to 87Sr/86Sr value. Hotspots are shown by stars, and hotspots influencing mid-ocean ridges are labeled: af = afar, 
as = ascension, az = azores, Ba = Balleny, Bo = Bowie, Bv = Bouvet, co = cobb, cr = crozet, eS = easter/Sala y gomez, ga = galápagos, 
go = gough, gu = guadalupe, ice = iceland, Jm - Jan mayen, ke = kerguelen, lo = louisville, ma = marion, re = reunion, Sa = St. paul-
amsterdam, Sh = Shona, SH = St. Helena, tr = tristan de cunha.
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multiDiScipliNary 
approacHeS are eSSeNtial
Ridge-hotspot interactions illustrate 
important thermal and geological pro-
cesses and provide unique windows into 
the chemical composition and hetero-
geneities of Earth’s mantle. To best un-
derstand these processes, it is essential 
to adopt multidisciplinary approaches 
and to analyze and interpret observa-
tional constraints within the framework 
of conceptual models of ridge-hotspot 
interactions. Meanwhile, computational 
modeling and laboratory-based physical 
experiments play an equally critical role 
in shaping our thinking on the physical 
processes of these systems. Here we illus-
trate how commonly used observational 
approaches help to advance understand-
ing of ridge-hotspot interaction.
Bathymetry
The influence of hotspots on mid-ocean 
ridges can be seen most clearly in un-
usual bathymetry, including shallower-
than-normal ridge-axis seafloor depth, 
underwater plateaus, or volcanic islands 
rising from the seafloor (Figure 2). The 
elevated topography near a hotspot is the 
direct result of thickening of the oceanic 
crust both by erupting magmas on top 
of it and intruding magmas near its base. 
The active upwelling of hotter mantle 
plumes can also lead to the development 
of long-wavelength seafloor topographic 
swells, as observed in some hotspot-ridge 
systems (e.g., Sleep, 1990; Canales et al., 
2002). It has also been observed that 
ridge segments most influenced by hot-
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Figure 2. maps of predicted seafloor bathymetry (Smith 
and Sandwell, 1997) and corresponding tectonic interpre-
tations of seven ridge-hotspot systems in oblique merca-
tor projection so that all maps are at the same scale and 
the spreading direction is horizontal. a large arrow in each 
bathymetric map indicates north. (a) iceland hotspot 
and the reykjanes ridge. (b) galápagos hotspot and the 
galápagos Spreading center. (c) reunion hotspot and the 
central indian ridge. (d) azores hotspot and the mid-
atlantic ridge. (e) Foundation seamount chain and the 
pacific-antarctic ridge. (f) St. paul-amsterdam hotspot and 
the Southeast indian ridge. (g) marion hotspot and the 
Southwest indian ridge.
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spots commonly elongate (“propagate”) 
at the expense of neighboring segments, 
resulting in characteristic V-shaped seg-
ment discontinuities pointing away from 
the hotspots (e.g., Phipps Morgan and 
Sandwell, 1994) (Figure 2).
mantle geochemistry 
Understanding the size and origin of 
mantle heterogeneities, and thus the 
efficiency of convection in homogeniz-
ing the mantle, is a primary topic of geo-
chemistry (see also article by Langmuir 
and Forsyth, this issue). Mid-ocean 
ridges offer unique access to the diver-
sity of mantle signatures. Rock samples 
from most ridge segments show “nor-
mal” mid-ocean ridge basalt (N-MORB) 
signatures, while those from hotspots 
often show “enriched” mid-ocean ridge 
basalt (E-MORB) signatures with dis-
tinctive characteristics in trace elements 
and isotopic ratios such as La/Sm, K/Ti, 
Nb/Zr, 87Sr/86Sr, 143Nd/144Nd, 206Pb/204Pb, 
and 3He/4He. Rocks sampled at hotspot-
affected ridges exhibit telltale geochemi-
cal variations that can generally be ex-
Jérôme DymeNt (jdy@ipgp.jussieu.fr) is CNRS researcher, Laboratoire de Géosciences 
Marines, Institut de Physique du Globe de Paris, Paris, France. JiaN liN is Senior Scientist, 
Geology and Geophysics Department, Woods Hole Oceanographic Institution, Woods Hole, 
MA, USA. eDwarD t. Baker is Supervisory Oceanographer, Pacific Marine Environmental 
Laboratory, National Oceanic and Atmospheric Administration, Seattle, WA, USA.
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plained by the mixing of “normal” and 
hotspot mantle materials (e.g., Schilling, 
1991). Geochemistry thus provides an 
invaluable tool to trace how hotspot ma-
terials flow and mix with the “normal” 
upper mantle. The higher abundance 
of iron in some hotspot regions, such 
as Iceland, also suggests that mantle 
melting starts at a greater depth in the 
mantle beneath hotspots (e.g., Klein 
and Langmuir, 1987; Shen and Forsyth, 
1995), resulting in thicker-than-normal 
magmatic crust and causing lower-than-
normal seismic velocity at depth. Geo-
chemical constraints allow researchers to 
trace the various geochemical signatures 
of hotspot material to different mantle 
components, such as recycled oceanic 
lithosphere, oceanic crust, or sediments 
that have been stirred by mantle convec-
tion (e.g., Hofmann, 1997).
marine gravity and magnetics 
Gravity data are commonly used to in-
vestigate changes in crustal and mantle 
density structure caused by ridge-hotspot 
interactions. Regions influenced by hot-
spots are systematically associated with 
more negative residual mantle Bouguer 
anomalies, reflecting thicker crust and 
lighter-than-normal materials beneath 
the seafloor. When combined with in-
dependently acquired seismic data, the 
calculations of residual mantle Bouguer 
anomalies are especially useful in deter-
mining how crustal thickness changes 
along a specific ridge-hotspot system, 
enabling researchers to quantify the sup-
ply of excess magma and heat to a ridge 
system due to the influence of a hot-
spot. Because seismic experiments at sea 
are intrinsically costly and thus remain 
scarce, residual mantle Bouguer calcu-
lations are instrumental in providing a 
first-order model of the relative crustal 
thickness variations for many ridge-
hotspot systems (e.g., Ito and Lin, 1995; 
Ito et al., 2003). Magnetic anomalies 
and dating of rock-eruption ages, on the 
other hand, are essential for determin-
ing the ages of the oceanic crust and for 
reconstructing a kinematical history of 
interacting ridge-hotspot systems (e.g., 
Dyment, 1998; Müller et al., 1998, 2001).
Seismic tomography and 
reflection/refraction experiments 
Seismic methods are the only direct 
way to measure the physical properties 
of Earth’s crust and mantle at relatively 
good resolutions. Over the last decade, 
major advances have been made in using 
state-of-the-art tomographic inversion 
methods to determine the physical prop-
erties of mantle rocks beneath hotspots 
(e.g., Montelli et al., 2004). The resolu-
tion of seismic tomography is signifi-
cantly improved by installing broadband 
seismic stations directly on top of ocean 
islands. For example, seismic tomog-
raphy revealed that a relatively narrow 
“root” of low seismic velocity extends to 
at least 400 km beneath Iceland (Wolfe 
et al., 1997) (Figure 3). Investigations of 
P-to-S-wave conversions provided evi-
dence of thinning of the upper-to-lower 
mantle transition zone between the 
410- and 660-km seismic discontinui-
ties, confirming that the “root” of the 
mantle plume beneath Iceland is rela-
tively narrow (Shen et al., 1998). Similar 
results from deployments of broadband 
seismic stations on various islands of the 
Galápagos Archipelago revealed seismic 
velocity anomalies within the mantle 
domain along the direct path between 
the Galápagos hotspot and the nearby 
Galápagos Spreading Center (Villagómez 
et al., submitted).
Seismic reflection/refraction experi-
ments at sea are essential for measuring 
the thickened oceanic crust due to hot-
spots. By analyzing seismic signals that 
are emitted from airguns towed behind 
a ship but recorded on ocean bottom 
seismometers, researchers are able to 
determine the seismic crustal thickness 
of a ridge system using various seismic 
refraction and reflection techniques. 
An experiment along the Galápagos 
Spreading Center, for example, revealed 
a gradual increase in crustal thickness 
approaching the 91°W region, where 
the ridge axis is closest to the Galápagos 
hotspot (Detrick et al., 2002; Canales 
et al., 2002) (Figure 4). Seismic refrac-
tion experiments around Iceland simi-
larly revealed that the maximum crustal 
thickness there is several times that of 
ridge-hotspot interactions i l lustrate important 
 thermal and geological processes and provide 
 unique windows into the chemical composition 
  and heterogeneities of earth’s mantle.
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the average crustal thickness of normal 
mid-ocean ridges (e.g., Darbyshire et al., 
2000), while the maximum crustal thick-
ness along the Reykjanes Ridge is twice 
that of the average values for normal 
ocean ridges (Weir et al., 2001).
StyleS oF riDge-HotSpot 
iNter actioNS
The interaction of a hotspot with a ridge 
exhibits a variety of styles, depending 
on the vigor of the hotspot, the geom-
etry and spreading rate of the ridge, the 
distance separating the ridge and hot-
spot, the relative motion between the 
two systems, and the presence of large 
fracture zones that tend to restrict the 
along-ridge extent of hotspot influ-
ence. Using ridge-hotspot distance as a 
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Figure 3. (left) map of satellite-derived, free-air grav-
ity data (Sandwell and Smith, 1997) revealing that 
regions of unusually thick and elevated oceanic crust 
(red and yellow) extend hundreds of kilometers from 
the iceland and azores hotspots along the mid-
atlantic ridge. The two hotspots appear to have 
influenced nearly the entire northern segment of the 
mid-atlantic ridge (lin, 1998). (right) Seismic im-
age of the upper mantle beneath the iceland hotspot 
showing a relatively narrow cylindrical “root” of a 
low-velocity anomaly of approximately 2 percent for 
p-waves and 4 percent for S-waves, indicating anom-
alously hot rocks extending to a depth of at least 
400 km (wolfe et al., 1997). Reprinted with permission 
from Macmillan Publishers Ltd: Nature, copyright 1997
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Figure 4. (top) map of residual bathym-
etry showing the interaction between the 
galápagos Spreading center (white dot-
ted lines) and the galápagos hotspot (Ito 
et al., 2003). Note that the wolf-Darwin 
lineament and other volcanic features 
(black dashed lines) appear to con-
nect the galápagos archipelago to the 
galápagos Spreading center. (Bottom) 
correlations between bathymetric, geo-
physical, and geochemical anomalies 
along the galápagos Spreading center 
(Detrick et al., 2002). (a) measured ridge-
axis seafloor depth (solid lines) and filtered 
long-wavelength regional depth (dashed 
lines). (b) crustal thickness constraints 
from wide-angle seismic refraction (open 
squares) and multichannel seismic reflec-
tion (dots). (c) incompatible element ratio 
k/ti in basalts sampled along the ridge 
axis (hotspots have high k/ti, while nor-
mal ridge axes have low k/ti). (d) water 
concentration (corrected for low-pressure 
crystallization) of basalt samples (see also 
the discussion of “wet spots” in langmuir 
and Forsyth, this issue). (e) incompatible 
element ratio Nb/Zr measured in basalt 
samples. inverted triangles indicate en-
riched morB (defined as k/ti > 0.15), 
illustrating the chemical influence of the 
galápagos hotspot. open squares are nor-
mal morB (with k/ti < 0.15), while shaded 
circles are transitional morB (defined as 
0.09 < k/ti < 0.15).
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parameter, the ridge-hotspot systems can 
be categorized into the following three 
general groups.
type 1: ridges over Hotspots 
For a ridge located right above a hotspot, 
the hot mantle material directly feeds 
the ridge, resulting in a major thermal 
anomaly, abundant magma produc-
tion, and sometimes the formation of an 
oceanic plateau or an island. The geo-
chemical signature of the hotspot mate-
rial often diminishes gradually along the 
ridge axis away from the hotspot center.
Iceland is the most prominent pres-
ent-day example of an on-ridge hotspot 
(Figure 3). Seismic tomography im-
ages show a relatively narrow “root” in 
the upper mantle beneath Iceland (e.g., 
Wolfe et al., 1997). The influence of the 
hotspot is clearly visible from the fact 
that Iceland rises above sea level and 
also from the gradual deepening of the 
ridge-axis depth north and south of Ice-
land for more than 1000 km (e.g., Searle 
et al., 1998). The elevated topography is 
associated with long-wavelength nega-
tive residual mantle Bouguer anoma-
lies (e.g., Ito et al., 1996) and crustal-
thickness variations (e.g., Darbyshire 
et al., 2000), suggesting significant 
along-ridge changes in magma supply. 
V-shaped seafloor fabrics pointing away 
from Iceland are particularly prominent 
along the Reykjanes Ridge (Figure 3). 
Seismic refraction measurements across 
the Reykjanes Ridge indicate that the 
V-shaped ridges are associated with 
slightly thickened crust (Weir et al., 
2002), supporting the hypothesis that the 
Iceland hotspot has experienced major 
magmatic-surge episodes on time scales 
of a few million years (e.g., Ito, 2001). 
The chemical composition of basalt sam-
ples, such as La/Sm, 87Sr/86Sr, and 3He/4He 
ratios, reveals systematic along-ridge 
variations, supporting the hypothesis of 
mixing of “normal” and hotspot mantle 
materials (e.g., Hart et al, 1973; Schilling, 
1991; Chauvel and Hemond, 2000).
type 2: ridges in close  
proximity to Hotspots 
For a ridge located in close proximity 
to a hotspot, typically a few hundred 
kilometers or less, a fraction of the hot 
mantle material (Schilling, 1991) or melt 
(Braun and Sohn, 2003) might migrate 
toward the ridge along the base of the 
asthenosphere and mix with “normal” 
mantle or melt to form enriched basalts 
observed at the ridge axis. Some of this 
channelled hotspot material may leak 
through the overlying oceanic litho-
sphere to generate the volcanic linea-
ments sometimes observed between 
ridges and nearby hotspots. There are a 
large number of present-day examples of 
near-ridge hotspots, including Galápagos 
(e.g., Detrick et al., 2002; Sinton et 
al., 2003), Azores (Cannat et al., 1999; 
Gente et al., 2003), Easter (Kingsley and 
Schilling, 1998), Foundation (Maia et al., 
2000), St. Paul-Amsterdam (Conder et 
al., 2000), Marion (Georgen et al., 2001; 
Georgen and Lin, 2003), and Tristan da 
Cunha (Schilling et al., 1985).
The Galápagos is a classic example 
of a near-ridge hotspot (Figure 4). The 
Galápagos Spreading Center was on top 
of the hotspot about 10 million years 
ago. The relative northward motion of 
the ridge system with respect to the hot-
spot has resulted in the generation of 
the complex terrains of the Cocos Ridge, 
Carnegie Ridge, and other features 
(Figure 4). The Galápagos Archipelago, 
which lies about 200 km south of the 
Galápagos Spreading Center at pres-
ent, consists of a broad oceanic pla-
teau with a number of oceanic islands. 
Radial volcanic features, including the 
Wolf-Darwin Lineament, appear to have 
connected the Galápagos Archipelago 
to the ridge axis. Recent detailed mor-
phological study found that several sec-
tions of the Galápagos Spreading Center 
are magmatically “deflated” where these 
off-axis volcanic lineaments meet the 
ridge axis, suggesting direct magmatic 
interactions (Sinton et al., 2003). Seismic 
modeling using P-to-S-wave conver-
sion techniques revealed an anomalously 
thin upper-to-lower-mantle transition 
zone between the temperature-sensitive 
410- and 660-km mantle seismic discon-
tinuities, suggesting mantle-plume up-
welling from depths greater than 410 km 
beneath the Galápagos hotspot (Hooft et 
al., 2003), similar to the results obtained 
for the Iceland (Shen et al., 1998) and 
Society (Niu et al., 2002) hotspots.
Along the Galápagos Spreading Cen-
ter, the seafloor is shallowest immedi-
ately north of the Galápagos Archipelago 
and gradually deepens to the east and 
west (Figure 4a). Furthermore, the ridge 
axis changes from an axial-high mor-
phology, where the hotspot influence is 
the greatest, to an axial valley in distal 
regions where the magma supply is low-
er. Seismic studies reveal that the crustal 
thickness is 5.5 km at 97°W, but gradu-
ally increases to 8 km at 91.5°W where 
the hotspot influence is strong (Detrick 
et al., 2002; Canales et al., 2002) (Fig-
ure 4b). Such changes in seafloor depth 
and crustal thickness correlate well with 
variations in residual mantle Bouguer 
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anomalies (Ito and Lin, 1995). Basalt 
samples collected along the ridge axis 
and on the Galápagos platform exhibit 
systematic geochemical anomalies in 
K/Ti, Nb/Zr (Figure 4), 87Sr/86Sr, 3He/4He, 
and other elements, indicating strong 
plume-ridge interactions (e.g., Schilling 
et al., 1982; Graham et al., 1993; Detrick 
et al., 2002; Cushman et al., 2004).
type 3: ridges Farther away  
from Hotspots 
For a ridge located farther away from 
a hotspot but still showing evidence of 
hotspot influence, there may be limited 
migration of hotspot material toward 
the ridge through asthenospheric flow, 
as for the Type 2 case (e.g., Conder, et 
al., 2002). It is also possible that the 
asthenospheric mantle that presently lies 
beneath the ridge has passed near a hot-
spot at an earlier time and thus has been 
contaminated by hotspot material—for 
such contamination to occur, the ridge 
must have been located previously in 
the vicinity of a hotspot track. Such an 
interaction may be observed between the 
Reunion hotspot and the Central Indian 
Ridge (Figure 5).
Although presently located 1000 km 
away from the Central Indian Ridge, the 
Reunion hotspot may still exert distal or 
residual influence on the Central Indian 
Ridge at ~ 19°S (Figure 5). The unusu-
ally smooth and elevated bathymetry, 
the basalt geochemical composition, 
and the geophysical characteristics of 
the Central Indian Ridge segment at 
19°S all suggest a hotspot influence (e.g., 
Mahoney et al., 1989). The Rodrigues 
Ridge is an east-west trending volcanic 
feature that was formed between 7 and 
10 million years ago and that appears to 
partially connect the Reunion-Mauritius 
hotspot track to the present-day Central 
Indian Ridge axis, thus reflecting some 
type of distal ridge-hotspot interaction 
(Morgan, 1978). The recent discovery 
of smaller bathymetric features—the 
Three Magi and Gasitao Ridges, which 
extend the Rodrigues Ridge farther 
east to the near vicinity of the Central 
Indian Ridge—strongly demonstrates 
the persistent hotspot influence on the 
Central Indian Ridge during the last 
2 million years (Dyment et al., 1999). 
However, it is not yet clear whether these 
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Figure 5. map of bathymetry showing the relationship between the reunion-mauritius hotspot track and the central indian ridge, which is located 
more than 1000 km away (Dyment et al., 1999). Note that a series of east-west trending volcanic ridges are located between the mauritius plateau 
and the central indian ridge, including the relatively large rodrigues ridge and the smaller Three magi and gasitao ridges. Full colors show multi-
beam bathymetric data, and pale colors the satellite-derived bathymetry (Smith and Sandwell, 1997).
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Stage 1
Stage 5
Stage 3
Stage 4
Stage 2
east-west trending volcanic lineaments 
indicate progressively eastward length-
ening of a “hotspot conduit” connect-
ing the Reunion-Mauritius hotspot to 
the eastward-migrating Central Indian 
Ridge or whether they instead reflect the 
presence of lithospheric tensional cracks 
through which melts from the hotspot-
contaminated mantle can pierce the lith-
osphere (e.g., Forsyth et al., 2006).
The three categories above can be viewed 
as snapshots taken at different stages of 
the interaction of a ridge with a hot-
spot (Figure 6): The ridge approaches 
the hotspot (Stage 1); starts to interact 
with the hotspot (Stage 2, Type 2); passes 
over the hotspot and potentially devel-
ops an oceanic plateau (Stage 3, Type 1); 
Figure 6. Schematic diagram showing evolution of 
an interacting ridge-hotspot system. The ridge axis 
is assumed to migrate to the left relative to the 
hotspot reference frame. active volcanic structure 
is marked by red (ridge) and pale red (hotspot). 
Stage 1: The ridge approaches the hotspot. 
Stage 2: The ridge starts to interact with the hot-
spot (e.g., Foundation seamount chain and pacific-
antarctic ridge, Figure 2e). 
Stage 3: The ridge passes over the hotspot and 
builds an oceanic plateau (e.g., iceland hotspot 
and reykjanes ridge, Figures 2a and 3). 
Stage 4: The ridge remains in the hotspot vicin-
ity for a while through asymmetric spreading, 
segment propagation, and ridge jumps (e.g., 
galápagos hotspot and galápagos Spreading 
center, Figures 2b and 4; azores hotspot and mid-
atlantic ridge, Figure 2d; St paul-amsterdam hot-
spot and Southeast indian ridge, Figure 2f; marion 
hotspot and Southwest indian ridge, Figure 2g). 
Stage 5: The ridge progressively escapes the hot-
spot influence (e.g., reunion hotspot and central 
indian ridge, Figures 2c and 5). Variability in this 
model depends on the vigor of the hotspot, the 
ridge spreading rate, the ridge–hotspot relative 
motion, and the presence of fracture zones that 
tend to restrict the along-ridge extent of the hot-
spot influence.
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remains in the hotspot vicinity for a 
while through spreading asymmetry, 
segment propagation, and ridge jumps 
(Stage 4, Type 2); and then progressively 
escapes the hotspot influence (Stage 5, 
Type 3). Note that in Stages 1 and 2, as 
the ridge approaches the hotspot, the 
motion of the oceanic plate opposes the 
motion of hotspot material toward the 
ridge axis, making the interaction hard-
er to establish. Conversely, in Stages 4 
and 5, as the ridge retreats from the 
hotspot, the plate motion with respect 
to the hotspot sharply declines, thereby 
favoring the transport of hotspot mate-
rial toward the ridge axis and making 
the interaction easier to maintain (e.g., 
Maia et al., 2000). 
HyDrotHermal eFFectS 
oF riDge-HotSpot 
iNter actioNS
Systematic searches for hydrothermal 
activity along > 7000 km of mid-ocean 
ridge demonstrate that the spatial 
density of hydrothermal activity is a 
robust linear function of spreading rate 
(Figure 7) (Baker and German, 2004). 
This trend argues that the availability of 
mantle heat is the first-order control on 
the distribution of seafloor vent fields. 
The universality of this hypothesis re-
mains to be proven, however, especially 
where magma supply is not a linear 
function of spreading rate. Ridge sec-
tions influenced by a nearby hotspot 
offer a unique experimental setting for 
such a test. For example, some crustal 
thermal models predict that the thicker, 
hotter crust associated with hotspots 
substantially impedes the development 
of convective hydrothermal cooling (e.g., 
Chen, 2003; Chen and Lin, 2004). Re-
duced hydrothermal cooling appears to 
be the simplest explanation for the un-
usually shallow magma bodies detected 
along mid-ocean sections overlying 
the Reykjanes (Sinha et al., 1997) and 
Galápagos (Detrick et al., 2002) hotspots.
About 10 hotspots lie within 500 km 
of a mid-ocean ridge, close enough to 
cause detectable changes in the crustal 
structure of the ridge. Hydrothermal 
surveys have been completed along 
substantial lengths of ridge above four 
such hotspots: Iceland (Reykjanes Ridge, 
57°45´–61°9´N), St. Paul-Amsterdam 
(Southeast Indian Ridge, 33°–43°S), 
Galápagos (Galápagos Spreading Center, 
89°36´–95°W), and Ascension (Mid-
Atlantic Ridge, 7°–11.5°S).
The results of these surveys consis-
tently support the hypothesis of reduced 
convective cooling along ridge sections 
influenced by excess magma supply (Fig-
ure 7). For each study, the relative spatial 
density of vent fields was estimated from 
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Figure 7. Scatter plot of incidence of hydrothermal plumes versus full spread-
ing rate for 14 ridge sections totalling 7,000 km. least-squares regression 
and ±95% confidence limits are shown for ridge sections not near hotspots 
(blue dots). red squares show data from four hotspot-affected ridges. Data 
point for the gakkel ridge (in parentheses) is biased by unique hydrogra-
phy and bathymetry (Baker et al., 2004) and is not included in the least-
squares regression. rr = reykjanes ridge (iceland); as = mid-atlantic ridge 
(ascension); gSc = galápagos Spreading center (galápagos); Spa = South-
east indian ridge (St. paul-amsterdam).
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the hydrothermal plume incidence, p
h
, 
the fraction of ridge length overlain by 
hydrothermal plumes (Baker and Ham-
mond, 1992). The first hotspot-affected 
ridge to be studied was the Reykjanes 
Ridge. Along 750 km of ridge crest, a 
suite of 175 vertical profiles found evi-
dence for only a single hydrothermal 
plume (German et al., 1994), for a re-
markably low p
h
 of 0.012. Shortly there-
after, a crustal magma body only 2–3 km 
below the seafloor was imaged at the 
southern end of the survey line (Sinha 
et al., 1997). These two observations 
fit the crustal thermal model convinc-
ingly, for the shallow magma body could 
be maintained for long periods only if 
hydrothermal cooling was diminished 
by about a factor of 2–4 compared to a 
“normal” ridge segment (Chen, 2003).
Results were similar along a section 
of the Southeast Indian Ridge cross-
ing the St. Paul- Amsterdam hotspot. 
A series of 58 vertical profiles found 
evidence for two to four hydrothermal 
plumes, yielding a p
h
 of 0.034–0.069 
(Scheirer et al., 1998). Hydrothermal 
plumes were more common than along 
the Reykjanes Ridge, but there were far 
fewer than expected for a ridge spread-
ing at > 60 mm yr-1. No seismic search 
for a local magma body has yet been 
attempted there.
The most detailed survey of hydro-
thermal activity along a hotspot-affected 
ridge was only recently completed along 
the Galápagos Spreading Center (Baker 
et al., 2006). A continuous, dual-pass 
deep tow with an array of hydrother-
mal plume sensors mapped 560 km of 
ridge crest, centered on the axial high 
that marks the maximum influence of 
the Galápagos hotspot. The magma 
body imaged beneath this high is only 
1.4–2.2 km deep (Detrick et al., 2002) 
(Figure 4). As at the Reykjanes Ridge, 
the crustal thermal model (Chen, 2003) 
requires weaker cooling, by perhaps 
as much as a factor of two, to sup-
port a magma body this shallow. Pre-
liminary estimates of the hydrothermal 
plume data give a p
h
 value of 0.1 for 
the Galápagos Spreading Center from 
95°–89°36´W, a reduction by at least half 
compared to other surveyed intermedi-
ate-rate spreading ridges.
The Ascension “hotspot” may not be a 
mantle plume but simply the expression 
of a small mantle heterogeneity that sup-
plies excess magma, but without a tem-
perature anomaly (Bruguier et al., 2003). 
Thus, its effect on hydrothermal activity 
is not easily predictable. Recent map-
ping efforts there have found only five 
vent sites (Devey et al., 2005; German 
et al., 2005) and a low p
h
 level of 0.043 
from 3°–11°S. This hydrothermal-plume 
incidence is lower than predicted, but 
the lack of comparable data for similarly 
spreading ridges at any “normal” ridge 
demands a cautious interpretation.
If the distribution of hydrothermal 
venting is governed by the availability of 
mantle heat, why should hydrothermal 
plumes be scarce over hotspot-affected, 
magma-rich ridges? Two contrasting 
hypotheses can be tested. First, hot-
spot-affected ridges may not be cooled 
primarily by high-temperature vents 
that billow easy-to-detect hydrothermal 
plumes, but rather by carpets of weak, 
low-temperature discharge that leave 
little trace in the water column. Con-
ventional hydrothermal plume mapping 
may underestimate this type of convec-
tive cooling. The upper 500 m of the 
Reykjanes Ridge near 58°N, for example, 
is thought to be heavily fractured and 
water-saturated (MacGregor et al., 1998). 
High-temperature hydrothermal fluids 
may be easily diluted in the shallow 
crust. Testing this hypothesis will require 
large-scale, near-bottom hydrothermal 
plume hunting, an ideal task for the ex-
panding population of autonomous un-
derwater vehicles (AUVs) in the oceano-
graphic research facilities around the 
world (see Yoerger et al., this issue).
Alternatively, increased magma supply 
or mantle temperature associated with 
a hotspot may elevate the crustal tem-
perature above a magma chamber, and 
this thicker, hotter crust may be more 
ductile, and thus less susceptible to frac-
turing than normal oceanic crust (e.g., 
Chen, 2003). The ratio of convective to 
conductive cooling would diminish, and 
the hydrothermal plume distribution 
results would accurately reflect the de-
gree of hydrothermal cooling. We could 
test this hypothesis by monitoring the 
 Further progress is needed in understanding
   ridge and hotspot styles of hydrothermal heat 
 release and their roles in planetary heat transfer.
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ridge’s microseismicity, which should 
be lower than that of more brittle, 
non-hotspot ridges.
lookiNg ForwarD
Ridge-hotspot interactions are im-
portant earth processes and provide 
intriguing research directions that will 
continue to attract the attention of the 
international research community. This 
community has accelerated coopera-
tion on ridge and hotspot research in 
recent years, as reflected in: several major 
international symposia and workshops, 
including the 2003 InterRidge Workshop 
on Ridge-Hotspot Interactions; increased 
binational and multinational collabora-
tive research expeditions; international 
exchanges of oceanographic instru-
ments; multinational proposals to drill 
hotspot-influenced ridges such as the 
Reykjanes Ridge; and the effort to install 
an international seafloor observatory 
on the Mid-Atlantic Ridge south of the 
Azores hotspot (MOMAR—see article 
by Juniper et al., this issue). The advanc-
es in seismic-imaging techniques and 
improvements in imaging resolution will 
provide much needed direct constraints 
on the physical properties of the mantle 
beneath interacting ridge and hotspot 
systems. Further progress is needed in 
understanding ridge and hotspot styles 
of hydrothermal heat release and their 
roles in planetary heat transfer. Multi-
disciplinary investigations that combine 
geological, geophysical, geochemical, and 
geodynamical modeling will continue 
to guide sampling, monitoring, and 
data interpretation. Furthermore, future 
investigations should involve stronger 
links, not only among the geological sub-
disciplines, but also between the geologi-
cal and biological research communities 
to improve understanding of the roles of 
hotspot-created shallow-water terrains 
in fostering seafloor biological commu-
nities and defining the biogeography of 
hydrothermal vent fauna.
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